Abstract. This paper describes several technical improvements in developmental engineering for livestock production, including their practical utility in the field. The artificial production of monozygotic twins via embryo splitting is shown to increase embryo productivity, while embryo sexing capability provides added value without compromising offspring productivity, with both techniques being adequate for practical field applications. It is also shown that: (1) the development of nuclear transfer utilizing oocytes collected from slaughtered ovaries and matured in vitro enables producing a large number of cloned embryos, (2) the intracytoplasmic injection of somatic cell improves the productivity of nuclear transplantation, and (3) the injection of sperm increases the rate of normal oocytes with male and female pronuclei allowing further preimplantation development. Finally, the removal of cytoplasmic lipid droplets from embryos following centrifugation alters an embryo's intrinsic sensitivity to low temperature allowing long-term preservation. Collectively, these techniques have clearly provided improvements in developmental engineering for livestock production.
t e c h n i c a l s u p p o r t i n I V P a n d n u c l e a r transplantation (NT). On the other hand, v i t r i f i c a t i o n [ 1 5 ] a n d s u b s e q u e n t r e c e n t advancements [16, 17] appear to allow for preservation of domestic animal embryos at almost all developmental stages, while the removal of polarized intracytoplasmic lipid droplets from centrifuged embryos (delipation) appears to alter an embryo's intrinsically sensitive characteristics to l o w t e m p e r a t u r e a n d i m p r o v e e m b r y o cryotolerance [18] . It is therefore expected that developmental engineering techniques will increase the utility of ET. Here, we practically apply these developmental engineering techniques to livestock production and examine their benefits.
Setting of Micromanipulators
A pair of micromanipulators (IM-4B: Narishige Co., Ltd., Tokyo, Japan) were attached to an inverted microscope (Hoffman Modulation Contrast, Model EP: Nikon Tokyo, Japan). A holding pipette (130-150 µm outer dia.) was then attached to one micromanipulator, with holding pressure being regulated by an air-tight mouth piece. Several microtools were connected to the micromanipulator to perform specific procedures, i.e., (1) a microblade to split embryos; (2) a glass pipette attached to an air-tight injector to control enucleation, insertion of a separated blastomere into a perivitelline space, or delipation [19] ; and (3) an injection needle attached to a cylindrical piezomicromanipulator (PMM-MB-A: Prime Tech Ltd., Tsuchiura, Japan) and oil-tight syringe (Celltram oil, Eppendorph, AG, Germany) to perform ICI [9, 14] . This system simultaneously allows for adjustment of aspiration pressure in both the left and right pipette, operation of a pipette on one side, and application of piezoelectric pulses using a foot switch.
Application of Developmental Engineering via Totipotency of Embryos

Improvement of embryo bisection
Because embryo bisection can cause deterioration of the morphology of demi-embryos and decrease t h e n u m b e r o f c e l l s r e s u l t i n g i n l o w e r developmental capability [20, 21] , we performed this technique such that damage to demi-embryos is minimized. In summary, higher quality embryos were found to have better adaptability to artificial m a n i p u l a t i o n s [ 2 2 ] , t h e s p r e a d i n g o f t h e perivitelline space by pronase treatment reduced the inner pressure of embryos during bisection, and bisection with a sharp-pointed ophthalmic scalpel (DRM-12, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) reduced damage to demi-embryos [23] . Compared to zona-free demi-embryos, zonaencased demi-embryos ( Fig. 1) showed a higher pregnancy rate (20/35 vs. 6/22, P< 0.05) and greater number of offspring (27 vs. 8, P< 0.05) following ET. In fact, demi-embryos prepared using these conditions showed a pregnancy rate equal to that of non-bisected embryos (56/128). These results indicate such procedures can produce a greater number of offspring from a single embryo.
Embryo sexing
To utilize sex prediction techniques in livestock production, it is necessary to improve a protocol t h a t r a i s e s t h e l e v e l o f s e x i n g r a t e w h i l e maintaining the pregnancy rate for sex-predicted embryos. An efficient sexing protocol was therefore employed using only a limited number of blastomeres as a sexing sample, with sex-predicted embryos being subsequently transplanted to estrus-synchronized recipients in the field. A chromosomal analysis showed the success rate of sex-prediction to be higher with increases in a sample's mitotic index (number of metaphases/ blastomeres). Use of a pre-incubation period of at least 6 h after embryo splitting [23] , in vitro culture (IVC) of sexing samples using an IVP system [24, 25] , and a long incubation period using vinblastine sulfate as an mitotic inhibitor [26] increased the mitotic index and success rate in sex prediction [27] .
On the other hand, use of a polymerase chain reaction (PCR) with a male-specific sequence [28] simplifies the sexing process because the PCR method is not influenced by the culture conditions of the sexing sample. The sexing rate of PCR has accordingly been shown to be equivalent to that of a chromosomal analysis [29] , and the substitution of a male-specific sequence with a commerciallyavailable repetitive DNA primer [30] achieved a high sex prediction rate (64/69, 93%), even for a sexing sample of less than 10 blastomeres. When retarded blastomeres were used as a template in the PCR method, the sex prediction success rate was extremely low (4/14, 29%, P< 0.001).
Incre as ing the volum e of de mi-e mbryos transferred to a recipient led to demi-embryos with significantly higher cell numbers (P<0.05), although the difference in the pregnancy rate of demi-embryos with a large cell mass was not found to be significantly higher (Table 1) . Table 2 shows the transfer results of sexpredicted embryos, where no significant difference exists in terms of the sex-prediction success rate among the three methods. The pregnancy rate of the embryos whose sex was predicted using repetitive DNA primers, however, tends to be higher than that using other sex prediction procedures; hence, embryo sexing using this method may well provide benefits for production of offspring of a desired sex without compromising the pregnancy rate of embryos.
Application of sex prediction techniques
To examine the feasibility of multiple embryo splitting, a pair of monozygotic demi-embryos was obtained by splitting an embryo that had been removed from sexing samples. From 31 original embryos, 20 pairs of sex-predicted demi-embryos were non-surgically transferred, producing 16 calves, including four pairs of twins (Fig. 2a) [29] . T h i s m e t h o d o f p r o d u c i n g s e x -p r e d i c t e d monozygotic offspring was utilized to produce [31] , with a calf being subsequently produced from an NT embryo that had been transplanted into a sex-predicted nucleus (Fig. 2b ) [32] .
Application of the Developmental Engineering Utilizing the Totipotency of Nuclei
Although embryo cloning by NT requires the use of a large number of ovulated oocytes as a recipient ooplasm [5] [6] [7] [8] [9] , the collection of ovulated oocytes from domestic animals is always difficult due to financial and technical limitations, which makes it necessary to secure an alternative supply source of recipient ooplasms. It is for this reason that we focused on follicular oocytes from ovaries of slaughtered cattle, trying to determine the appropriate recipient ooplasm material for use in NT. We found that NT embryos developed into blastocysts in vitro when follicular oocytes followed IVM and enucleation treatments as the recipient o o p l a s m [ 3 3 ] . I n f a c t , a n o r m a l c a l f w a s successfully produced following a non-surgical transfer to a recipient heifer (Fig. 2c) .
To improve the productivity of NT embryos, we also examined the time interval from oocyte activation to NT, finding that activated oocytes still maintained the ability to remodel the transplanted nucleus with ability equivalent to that of the ooplasm at the second metaphase stage [34] . The use of activated oocytes reduced the frequency of abnormal karyomorphism of NT embryos (1/46 vs. 17/56, P<0.01), and the productivity of NT embryos was further increased by (1) the use of a mix activation method for parthenogenetic activation of un-aged oocytes [35] and (2) synchronizing the cell cycle between donor nuclei and an activated recipient ooplasm [36] . The improvements enabled by these developed techniques subsequently allowed the production of approximately six cloned embryos from a single donor embryo [37] . One drawback of electrostimulation used for the fusion of a donor cell and ooplasm is the decrease in the fusion rate as the size of the donor cell becomes smaller [38] . To improve the production efficiency of NT when relatively small somatic cells a r e u s e d a s t h e d o n o r , w e e x a m i n e d t h e introduction of ICI [9] , finding that a large number of bovine clone embryos could be systematically produced by ICI in a fairly simple manner [39] .
While the development rate of NT embryos into blastocysts is equivalent to that of IVF embryos, the number of cells per NT embryo was significantly lower than that per IVF embryo (82 ± 18 vs. 149 ± 42, P<0.01) [34] ; a result indicating that the quality of the blastocysts that developed from NT embryos is lower. Previous studies reported that the productivity of offspring developed from NT embryos is lower than that of IVF embryos [7] . Moreover, another report showed a higher f r e q u e n c y o f a b o r t i o n , p r e m a t u r e b i r t h , morphological abnormality of the fetus, and the birth of large offspring [40] . Therefore, although an embryo supply system based on embryo cloning could continually produce large number embryos, the system is still not considered feasible for practical use. Accordingly, additional basic research is needed to improve the developmental potency of NT embryos and reduce fetus losses. In addition, livestock products derived from NT offspring are unfortunately restricted from taking a place in the food distribution channel, even though such NT offspring are considered normal. Practical utility of NT technology, therefore, also requires establishing social recognition based on the appreciation of NT, with a clear understanding by the public that these products are safe.
Improvement of IVF by Intracytoplasmic Sperm Injection (ICSI)
Because variation of embryo development obtained from IVP is due to sperm mortality and choice of sires, selection of the frozen semen for IVF is a key factor to improve the yields of normal embryos [41] . The availability of ICSI to stabilize the yields of IVP embryos was therefore examined using various kinds of employed frozen semen, i.e., 12 types of commercially-available frozen semen collected from progeny-tested super-sires were used for IVF and ICSI. Some sperm suspensions from imported frozen semen had such a low yield volume that they were not suitable for IVF (Table  3 ). The ratio of normal zygotes with a male and female pronuclei after 18 h of parthenogenetically activation was higher with ICSI than with IVF (68/ 117 vs. 49/116, P<0.01), and the rate of in vitro development into blastocysts 8 d after treatment was also higher with ICSI than with IVF (12% vs. 5%) ( Table 4) . ICSI is therefore considered to be an effective method to improve the productivity of conventional IVF. Future advancements in bovine ICSI are anticipated because when this technique is The top and bottom rows indicate M ± SD and range (min-max), respectively. *: 1 × 10 7 /ml. **: Measured by the triple stain method. ***: Sperm suspension of the final concentration at 1 × 10 7 /ml. a, b : Values are significantly different between a) and b) (P< 0.01). used in combination with ultrasound-guided oocyte aspiration [41] and semen sexing [1] , there exists a high potential to systematize a new embryo production method.
Improvement of Long-term Preservation
In the present study, IVP bovine pre-morula s t a g e e m b r y o s , c o n s i d e r e d t o h a v e h i g h cryosensitivity, were delipated and cryopreserved. While most of the blastomeres of non-delipated embryos degenerated after cryopreservation, the delipated embryos survived in vitro through the same proces s, provin g that delipated and cryopreserved IVF embryos can be used as NT donors [42] . This indicates that delipation of bovine IVF embryos alters bio-intrinsically c h a r a c t e r i s t i c s o f b e i n g s e n s i t i v e t o l o w temperatures.
The survival rate of extremely cryosensitive porcine morula stage embryos was 26/43 (60%) after vitrification using the minimum volume cooling (MVC) method [17, 43] . Embryo survival was further improved by vitrification after delipation (35/37, 95%); a survival rate which is comparable to that of intact control non-vitrified embryos (34/40, 85%) [44] . Following the surgical transfer of delipated and vitrified morulae into the uterine horn of recipient pigs, transferred embryos developed to term (Fig. 2d ). These results demonstrate that survival after long-term preservation can indeed be increased as high as that of control non-vitrified embryos by combining MVC with delipation.
In conclusion, developmental engineering including bisection, embryo sexing, nuclear transplantation, intracytoplasmic injection, and delipation have all been shown to improve the productivity and availability of ET. Such developmental engineering is also expected to c o n t r i b u t e t o t h e a p p l i c a t i o n o f r e s e a r c h achievements to livestock production resulting from the advancement of reproductive biology and new biotechnology.
